This directly corresponds to a lowering in cell efficiency.
I. INTRODUCTION
Cadmium telluride is an important photovoltaic material used as an absorber due to its excellent properties for photon conversion currently exceeding an annual production of 2 GW. Laboratory cell efficiencies have reached 21.5% and commercial module efficiencies of 17% have been reported [1] . An essential step in the production of efficient thin film cadmium telluride solar cells is an activation process that involves treating the cadmium telluride layer with cadmium chloride at a temperature of �400°C [2, 3] . The as deposited material is polycrystalline and although the grain size depends on the method of deposition, all the methods produce material with high densities of planar defects such as stacking faults and twin boundaries [4] . Recent work using Density Functional Theory (OFT) has shown that certain types of stacking fault are high energy hole traps [5] .
The cadmium chloride passivation causes the cadmium telluride grains to recrystallize. During recrystallization the planar stacking faults are completely eradicated. Twin boundaries often remain after the recrystallization, but work using OFT modeling shows these are electrically benign and do not act as hole traps [5] .
Although over-treatment using higher temperatures or longer cadmium chloride treatment times continues to improve the morphology of the films, however chlorine builds up at the CdS/CdTe interface damaging the junction [5] . We have used a post-annealing 978-1-4799-7944-8/15/$31.00 ©2015 IEEE process in an attempt to remove chlorine from the device.
We have annealed cadmium telluride devices from 400°C to 480°C, causing a reduction in efficiency.
Microstructural and elemental characterization of these annealed devices has been carried out to determine the cause of the degradation of the cells. By using a second cadmium chloride treatment, identical to the first, which restored the cell efficiency. The microstructure and performance of these re-passivated devices has also been characterized.
II. EXPERIMENTAL

A. Cadmium Telluride Deposition and the Cadmium Chloride Activation Treatment
The thin film cadmium telluride cells were deposited in a superstrate configuration using cIose spaced sublimation (CSS) on NSG-Pilkington TEClO fluorine doped tin oxide (FTO) coated on 3 mm soda lime glass. A thin layer of cadmium sulphide was deposited onto a plasma cleaned transparent conducting oxide [7] . This was followed by the CSS deposition of the cadmium telluride film. The devices then underwent a previously optimized post deposition cadmium chloride activation treatment [3]. This was followed by a copper doping process using copper chloride [3, 8] . The efficiency of this cell was measured to be above 12%. The cell efficiency before the cadmium chloride treatment was measured to be <1 %.
B. Post-Treatment Anneal
The optimized devices were then post-annealed in a 40 mTorr Argon atmosphere. This post-annealing process was performed in the absence of a CdClz vapor pressure. The substrate temperatures used for the post annealing processes were 400°C, 440°C and 480°C. The times used for the post-annealing process were also varied from 35 to 600 seconds. The sample treated at 480°C for 600 seconds underwent a second cadmium chloride treatment after the post-annealing treatment. The removal of planar defects correlates with the diffusion of chlorine into the device. Figure 2 shows a dynamic SIMS depth profile using caesium ions, carried out on the cadmium chloride treated sample. The chlorine concentration in the cadmium telluride was quantified using reference standards. In the bulk cadmium telluride, the chlorine concentration is constant at 0.07 at% increasing slightly to 0.08 at%. However, at the cadmium sulphide interface, the chlorine concentration peaks at 0.7 at%. This concentration is an order of magnitude higher than that measured in the bulk cadmium telluride. The sulphur concentration-depth profile shows that the sulphur diffuses from the cadmium sulphide into the cadmium telluride layer.
CdTe CdS The STEM/EDX elemental maps shown in figure 3 are from a cadmium chloride passivated device. The cross-sectional image shows clear chlorine segregation along the cadmium telluride and cadmium sulphide grain boundaries as well as sulphur diffusion into the cadmium telluride film; however the chlorine does not penetrate into the FTO layer. Twin boundaries are clearly visible in the cadmium telluride grains but there is no trace of stacking faults. Elemental mapping with EDX has a sensitivity typically in the range �O.lat% to lat%, so dynamic SIMS was used to confirm the removal of chlorine in the post annealed devices. Figure  7 shows the chlorine concentration with depth through a number of devices including the as-deposited cell as a reference. This depth profile shows that there is a residual chlorine concentration in the as-deposited and untreated material.
As expected, the chlorine concentration in the cells confirms its sharp reduction with increasing post annealing temperature. Comparison of these images shows that sulphur migration clearly occurs from the cadmium sulphide layer into the cadmium telluride film. The diffusion occurs within the grains and is not concentrated along grain boundaries. Dynamic SIMS depth profiling analyses were carried out to observe the changes in sulphur concentration in the cadmium telluride following post-annealing at 400°C and 480°C. These sulphur depth profiles are shown in figure 9 and can be compared with the as-deposited device and the high efficiency cell following cadmium chloride passivation but without post-annealing as references. 
C. The Effect of the Post-Annealing Time on Activated Cells
The efficiency of devices post-annealed for longer periods of time was also investigated. Figure 11 shows the J-V curves of a series of cadmium telluride cells. The J-V data shows that post-annealing the cell for 600 seconds at 480°C dramatically degrades cell efficiency but still out performs the untreated cadmium telluride material. Then as the post-annealed cell was re passivated with a second standard cadmium chloride treatment, the efficiency of the cell was restored to its original efficiency. The second cadmium chloride treatment fully restores the functionality of the cells by reintroducing chlorine to the grain boundaries. In-turn this removes the stacking faults which prevent the free movement of holes [4] . This is interesting because it indicates that a process could be devised to control and optimize the location and concentration of chlorine in the devices.
IV. CONCLUSIONS
The cadmium chloride treatment is a vital process for high efficiency thin film cadmium telluride devices. The If these post-annealed cells are then subject to a second cadmium chloride treatment, the stacking faults are again completely removed, and the cell efficiency is restored, chlorine is once more detected at the cadmium telluride and cadmium sulphide grain boundaries and at the cadmium telluride/cadmium sulphide junction. This provides further evidence for the link between the presence of stacking faults, chlorine, and cell efficiency.
In addition to assisting our understanding of the mechanisms at work, these experiments may provide the groundwork for the optimization of a potentially useful post-annealing process which may further improve the grain microstructure but may also help to control and optimize the concentration of chlorine at the cadmium telluride/cadmium sulphide junction.
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